analysis of the structure of fullerenes (relaxation from the as-folded icosahedron structure; trends with large n). Finally, only in recent cases the relative stability compared to the graphene sheet was investigated [19] [20] [21] at the ab initio level, the limiting factors being either the low level of adopted theory 19 or the small number of investigated members 20, 21 .
The first aim of the present study is to illustrate the scheme adopted for the automatic construction of fullerenes within the public quantum-mechanical periodic code CRYSTAL14 22, 23 .
Icosahedral, octahedral and tetrahedral fullerenes can be built starting from a twodimensional sheet, with no need for importing data generated by other codes. Corresponding point symmetries are exploited all along the electronic structure calculation. While there exist some publicly distributed utilities for the generation of fullerene structures, e.g.
Fullerene 24 and CaGe 25 , the only other public code with exploitation of icosahedral symmetry seems to be the molecular program TURBOMOLE 26 .
The second aim is to present the results of an accurate, homogeneous and detailed computational study of the structure, electronics and energetics of icosahedral carbon fullerenes with up to 6000 atoms; the graphene monosheet, treated at the same level of theory (exchangecorrelation density functional, basis set) is taken as a reference, and carbon nanotubes with up to 1360 atoms are presented for cross-comparisons. Total energy calculations and geometry optimizations are carried out by using a level of theory higher than in any other previous study, namely the hybrid Hartree-Fock / Density Functional B3LYP Hamiltonian [27] [28] [29] , and an all electron Gaussian-type basis set. To the authors' knowledge, the molecules investigated in the present study are the largest ever simulated by means of density functional electronic structure methods.
This paper is structured as follows. Section II presents the computational framework of the calculations and illustrates the scheme for automatic generation of fullerenes. Section III describes the analysis of structure, electronic levels and energy of giant icosahedral fullerenes.
Section IV summarizes the main results.
Additional information is available as Supplementary Material; Figures and Tables in this
Section are labelled with the "S" prefix.
II. METHOD A. Computational Details
The CRYSTAL14 periodic ab initio code 22, 23 was used, featuring state-of-the-art full exploitation of symmetry. Maximum advantage is taken of the highly symmetric icosahedral point group (I h , 120 operators) at all stages of the electronic structure calculation, direct transformations are performed between the bases of Atomic Orbitals (AOs) and Symmetry Adapted Molecular Orbitals (SAMOs), and allocation of full matrices in the basis of AOs is always avoided. Performance in terms of CPU time and memory allocations is discussed in detail in Refs. [30] [31] [32] . For the largest case here considered, a (10,10) fullerene, the number of AOs is N = 84000, so that the size of a single N × N matrix depasses 50 GBytes; however, in the SAMO basis the largest dimension decreases to 3530, so that only 100 MBytes are required for the allocation of matrices to be diagonalized. A complete SCF energy calculation for (10,10) runs on a single processor with 2 GB RAM in about 24 hours.
Calculations were performed with the B3LYP hybrid functional [27] [28] [29] , which has recently been applied to the study of structural, vibrational and optical properties of semiconducting C and BN nanotubes [33] [34] [35] [36] [37] and graphene-derived sheets 38 . Carbon atoms were described using a 6-31G(d) 39 Gaussian-type basis set, consisting of 14 AOs per atom. The same basis set has recently been adopted for the study of other carbon compounds with similar chemistry, such as nanotubes 34 and polyacetylene 40, 41 .
The level of accuracy in evaluating the bielectronic Coulomb and Hartree-Fock exchange series is controlled by five parameters T i (i = 1, ...5) 22 . T 1 and T 2 refer to the Coulomb series, T 3 , T 4 and T 5 to the exchange ones: integrals are disregarded when the overlap between the corresponding basis functions is below 10 −T i . More details on these truncation criteria can be found in Refs. 22, 40 . In this study the values of 8, 8, 8, 8, 20 were chosen. The threshold on the SCF energy for geometry optimization was set to 10 −8 Ha.
The DFT exchange-correlation contribution is evaluated by numerical integration over the unit cell volume. In CRYSTAL, radial and angular points of the grid are generated through Gauss-Legendre radial quadrature and Lebedev two-dimensional angular point distributions.
A (75,974)p grid was used, corresponding to a pruned grid with 75 radial and 974 angular points (XLGRID keyword in the CRYSTAL manual 22 ). Accuracy of this grid can be estimated from the error on the integrated electronic charge density in the unit cell, that amounts to less than 0.0003% for C 60 (it gets smaller in the case of larger fullerenes).
Structures were optimized by using the total energy analytical energy gradients with respect to atomic coordinates and unit cell parameters [42] [43] [44] , within a quasi-Newtonian scheme combined with the BFGS algorithm for Hessian updating [45] [46] [47] [48] 
B. Construction of fullerenes from a graphene monolayer
In the CRYSTAL14 code fullerenes are built automatically starting from any hexagonal sheet, by using the FULLE keyword (a typical geometry input block is shown in Figure S1 in the Supplementary Information). The first required information are two integers, n 1 and n 2 , defining the components of the R vector in terms of the basis vectors a 1 and a 2 of the hexagonal unit cell (see Figure 1 ). The scheme allows for different types of polyhedra with diverse point groups to be constructed; these represent the third and second requested input information, respectively. The choice of the polyhedron constrains the point group: I and The R vector is the side of the equilateral triangle (in pink in Figure 1 ), that constitutes a face of the polyhedron on which the fullerene is built. Only the three atoms (the example refers to the (2,2) fullerene) in the irreducible portion (in dark pink) are required for the construction of the fullerene, as the code uses symmetry. The new cartesian reference for the fullerene is set so that the origin O coincides with the geometric center of the polyhedron, the x axis is parallel to the R vector and the z axis is normal to the first-built triangular face.
The radii of the spheres inscribed and circumscribed to the polyhedron correspond to the distances of the origin O from the triangle center and vertices, respectively. The symmetry point group is built so that all rotation axes are concurrent in the origin O. All symmetry operators are then applied to all irreducible atoms, generating the complete set of atoms.
In the case of icosahedral, octahedral and tetrahedral fullerenes, 20, 8 and 4 triangular faces are generated, respectively. 
C. General properties of icosahedral fullerenes
The (n, n) icosahedral fullerenes investigated in this study have point group symmetry I h , characterized by the identity operator plus 12 C 5 , 12 C 2 5 , 20 C 3 , 15 C 2 axes, i (inversion), 12 S 10 , 12 S 3 10 , 20 S 6 axes and 15 σ (mirror planes), leading to a total of 120 symmetry operators. For this series, it holds that n 1 = n 2 = n, where n 1 and n 2 have been defined in Section II B above, and n ranges from 1 to 10.
For these fullerenes, simple functions of n can be derived that give the values for some relevant quantities reported in Table I . In particular:
• Number of irreducible atoms n at :
• Total number of atoms N at :
As each atom has 3 bonds shared with other atoms, i.e. accounting for 3/2 bonds, the number of bonds is N bond = 3/2 · N at = 90 · n 2 .
• Number of hexagons N hex :
Note that the number of pentagons N pent is independent of n and always equal to 12.
• Number of degrees of freedom N DOF :
This quantity indicates how many variables the energy gradient is a function of, and is relevant in the algorithms for geometry optimization. For large n, N DOF tends to 3 · n at (for comparison, it equals 3 · (N at − 2) if symmetry is not exploited).
The above formulas permit to compute also the ratio ρ at = N at /n at :
Atoms in fullerenes lie either on edges or on faces, with multiplicities (i.e. number of symmetry related atoms) of 60 or 120, respectively. For n = 1, ρ at is equal to 60 (all atoms on edges). With increasing n, the value of ρ at increases and tends to 120 (atoms on faces much more than atoms on edges); for n = 10 it is about 109. This ratio approximates the saving factor in the SCF energy calculation due to symmetry exploitation 31 , as various steps of the calculation can be performed on the subset of n at irreducible atoms, rather than on the full set of N at atoms.
III. RESULTS

A. Structure: radial distances
Atomic radial distances for the fullerene cages, as obtained from simulation, are given in Table II and represented graphically in Figure 2 . In the following, we will indicate as "radius" the distance of the atoms from the cage centre.
The (1,1) fullerene is the only case where all atoms have the same radius, 3.544Å (they lie on a sphere). In all other cases both the minimum and maximum radii, r min and r max (see Table   II ), grow linearly with n, ranging from 6.940 and 7.332Å for (2,2), to 33.608 and 39.660Å
for (10,10); they correspond to atoms lying on face centres and vertices, respectively. The average radius < r > (crosses in Figure 2 ) obeys the linear relation:
As the intercept of this line is as small as 0.072Å, its slope turns out to be quite close to the radius of the smallest fullerene (n = 1, < r >= 3.544Å), the deviation being 1.5%. Average radii for large fullerenes could therefore be extrapolated with good accuracy using only the value for (1,1). The difference between the maximum and minimum radii, ∆r, obviously obeys a linear relation, too (diamonds in Figure 2) ; it is equal to 0Å for the (1,1) fullerene, increases to 0.392Å for (2,2), and reaches 6.052Å for (10, 10) . The ratio ρ r = r max /r min increases monotonically from 1 to 1.180.
We can compare r min and r max with the values for two ideal situations: a sphere with radius < r >, and an icosahedron as obtained from the construction described in Section II B; the latter is characterized by a minimum radial distance r p,min at face centres and a maximum radial distance r p,max at vertices. All these quantities are shown in Figure   2 . The corresponding differences can be defined (see also Figure S4 in the Supplementary Information): δ <r>,min = r min − < r > and δ <r>,max = r max − < r > for the sphere, and δ p,min = r min − r p,min and δ p,max = r max − r p,max for the polyhedron. In the case of (1,1) all differences are 0, as this fullerene is a perfect icosahedron with all atoms lying on a sphere.
Radii of the (2,2) fullerene are as close to the sphere as to the polyhedron ones ( Figure 2 and Figure S4 ). From n = 3 on, fullerene radii are always closer to the polyhedron rather than to the sphere case. In comparison with the average sphere, differences can be as large as 4.69Å
in modulus in the case of (10,10), indicating a significant divergence of the series of fullerenes from sphericity. Looking at the polyhedron case, δ p,max has an almost constant value, ≈ -0.21Å, suggesting that the fullerene vertices have almost the same radial distance as in the corresponding icosahedra. On the other hand, the difference δ p,min increases linearly with n, from 0.40Å in (3,3) to 1.30Å in (10, 10) . This indicates that the fullerene faces have a slightly but increasingly larger radius compared to the icosahedron, and gives evidence for a modest yet not negligible deviation from the polyhedral shape. Figure 4 ); we will start our discussion from n = 2, as for (1,1) angles are constrained to α, β and γ values.
Pentagons at fullerene vertices (in yellow in Figure 4 ) are the regions with largest component angles all along the series. Indeed, the largest contributions to α and β are concentrated within the first two angles close to the C 5 axis along the green and red paths, respectively.
Values for the first-closest angles are 25.9
• and 26.6
• for n = 2, and 27.8
• and 28.2 • for n = 3; for subsequent fullerenes, they are very similar to these latter values (reaching 28.2
• and 28.6
• for n = 10). Note that (2,2) shows the smallest values for these angles, i.e. its structure has the smallest curvature around pentagons. As a reference, corannulene C 20 H 10 can be considered as the prototype for a single, "independent", mechanically unconstrained pentagonal vertex; it is made up of a pentagon ring surrounded by five hexagon rings saturated with hydrogens. In this molecule, angles close to the pentagon measure 22.4
• and
21.7
• , respectively; (2,2) is therefore the fullerene whose curvature at vertices comes closest to this prototypal case. The second-closest angle along the green path (edge) is 5.8
• for n = 2, 4.7
• for n = 3; from n = 4 on it does not change much, going from 5.3
• to 5.6
• (n = 10). The second-closest angle along the red path (face) is 10.7
• for n = 2, due to proximity with the C 3 axis; it is converged for larger n, going from 5.1
Fullerene edges (green paths in Figure 4 ) show a nearly planar section from (3,3) on; except for an angle of 1.5
• for n = 4, all angles are smaller than 1.1
• . Notably these small angles are negative in sign, implying that edges have a slight inward curvature, which increases with n. Note that also edge angles close to the C 2 axis are small.
The red path goes along a fullerene face; two sub-regions can be identified, namely between C 5 and C 3 axes (from vertex to face centre), and between C 3 and C 2 axes (from face centre to edge centre). In the former case, the profile is practically planar from n = 4 on, when an angle smaller than 1 • first appears. For larger n and with the exception of angles close to either C 5 or C 3 axes, the largest angle in this sub-region is 1.1
• . In this case, angles are generally positive in sign, indicating a very slight outward curvature.
The second sub-region of the red path, from face centre to edge centre, has a peculiarity:
it is the only case where non-negligible components of the macroscopic angle (γ) are distributed all along the path, rather than being concentrated close to the axes, so that even for n = 10 the smallest absolute angular value is as large as 2.5
• . The unique angle for n = 2 coincides with γ, 20.9
• ; for n = 3 values are 11.8
• and 18.1
• , for n = 4, their value is 8.2
• and 12.7
• . The first fullerene with no angles larger than 10
• is n = 6; finally, for n = 10, they are 2. As an overall trend, faces grow plane-wise in the centre and towards vertices, as in polyhedra. On the other hand, edges with smooth, curved transversal profiles are preferred to sharp edges, unlike in polyhedra. For increasing n, face features dominate over edge ones, so that fullerenes resemble polyhedra rather than spheres (see also Section III A above).
C. Structure: atomic displacements compared to ideal polyhedra
The left side of Figure 4 compares the fullerene profiles with those of ideal graphene-like triangular faces. While the inward bending of the edges has already been commented, the other remarkable aspect is the raising of the faces (compare red and black, straight, paths);
this is a consequence of the outward curvature observed above along the red path. Real and polyhedral, "graphene-faced", fullerenes are compared in a more quantitative manner in Figure 5 , where the corresponding atomic displacements are rendered through a color scale. The largest differences (red in the scale) are found for face centres, which show a rigid raising along the out-of-face coordinate of 0.5, 0.9 and 1.3Å in the cases of n = 4, 7 and 10, respectively. As just pointed out above, this raising is related to the outward curvature along the red path, which produces an increasing displacement going from edges and vertices (blue in the scale) to the face centres. If we consider only the "in-face" components of the relative displacements ( Figure S5 in the Supplementary Information), regions with non-zero values are identified along the fullerene edges. Displacements are far smaller compared to the raising of face centres, their maximum value being about 0.1Å in the case of n = 10.
These displacements are responsible for the transversal smoothing of the edges, which has been discussed in Section III B.
D. Structure: bond lengths
The distribution of C-C bond lengths along the series is represented in Figure 6 . The most abundant length value is 1.452Å for n = 1 and 1.446Å for n = 2; from n = 3 on, it is always comprised between 1.420 and 1.426Å, i.e. very close to the C-C bond length in graphene, 1.422Å. The minimum value is 1.392Å for n = 1; it decreases to 1.384Å for n = 2, and then increases monotonically until 1.389Å (n = 10); this value always corresponds to bonds with one atom belonging to a pentagon (see below). The maximum value is 1.452, 1.446 and 1.438Å for n = 1, 2 and 3, respectively; it remains nearly unaltered from n = 4 to n = 10, going from 1.433 to 1.432Å. Starting from bonds with one atom belonging to a pentagon and moving far from the pentagon along the edge, the longest bond is the first one for n = 1,2,5÷10; it is the third along the same path for n = 3,4, instead.
The (1,1) fullerene has only two length values: 1.392Å for hexagon-only bonds and 1.452Å
for pentagon-hexagon shared bonds. For all other fullerenes, bonds can be classified in three types. The first includes bonds in pentagons, whose unique value is 1.425, 1.421 and 1.421
A for n = 2, 3 and 10, respectively; this value is always very close to the C-C bond length in graphene. The second includes bonds with one atom belonging to a pentagon, with a unique value of 1.384, 1.386 and 1.389Å (n = 2, 3 and 10); this is always the shortest C-C distance in the structure. The third type includes all other C-C bonds (hexagons), with values ranging from 1.422 to 1.446Å for n = 2, from 1.410 to 1.438Å for n = 3, and from 1.416 to 1.432Å for n = 10.
As a final remark on structural features, we note that in the previous literature 14, [17] [18] [19] 21 there has been a long discussion concerning the either spherical or faceted shape of giant fullerenes, with a final general agreement on the latter hypothesis. The present study confirms this view, while enriching it in qualitative description and quantitative structural details. The most remarkable aspects concern the fullerene edges, with their longitudinal inward curvature and transversal smooth profile, and the first two fullerenes of the series, exhibiting unique characteristics in terms of radial distances, angular values and bond lengths.
E. Electronic levels
Diagrams of the electronic eigenvalues are shown in Figure 7 ; the x and y axes correspond to energy, in eV, and degeneracy, respectively. HOMO and LUMO energies always have a degeneracy of 5 and 3, respectively; this qualitative finding agrees with previous Hückel 15, 16 , HF 17 and LDA 13 studies. Using Eq. (2), it turns out that a (n, n) fullerene has 180 · n 2 occupied Molecular Orbitals. Symmetry analysis shows that there are 48 · n 2 degenerate occupied energy levels; two thirds of them, i.e. 32 · n 2 , correspond to valence levels.
Let us now concentrate on the behavior of the HOMO/LUMO levels and of the band gap with increasing n; data are reported in Table II and plotted in Figure 8 (note that the x axis reports 1/n). Values of E HOM O and E LU M O as a function of n are very well described by means of power laws, which imply log-log linear behaviors, provided that data for (1,1) are excluded; we will come back to this aspect later. Best-fits with three parameters provide the following expressions:
E LU M O = −3.85 + 1.33 · n −1.14 eV
Note that E LU M O has a dependence quite close to n −1 , whereas for E HOM O the exponent for n is close to − 1 2 (inverse square root).
The electronic band gap E gap is as large as 2.711 eV for (1,1); it equals 1.888 eV for (2,2), and drops down to 0.420 eV at (10, 10) . A quite satisfactory fit, again excluding (1,1), is obtained by combining the two previous ones (E gap = E LU M O − E HOM O ):
For n ≥ 23 the predicted gap is smaller than 0.1 eV; when n ≥ 34, the band gap is expected to become zero. Similar power laws for the three quantities were proposed in Ref. 16 ; the values of the fitting parameters are rather different, which is likely related to the rather different level of approximation adopted in that study (π electrons only, Hückel theory). Figure 8 shows that HOMO and LUMO levels of the smallest fullerene are higher and lower, respectively, than the fitted values, which in turn results in an electronic gap smaller than expected. A possible reason for this anomalous behavior is the occurrence of only one symmetry irreducible atom in (1,1), which forbids differentiation between atoms (and molecular orbitals) related to pentagon rings and those related to hexagon rings.
F. Stability compared to graphene Table II reports the excess energy per atom ∆E at of (n, n) fullerenes (in meV/atom), where the ideal, planar graphene sheet is taken as a reference. This quantity is as large as 412.7 meV/atom for (1,1), drops down to 154.8 and 91.0 meV/atom for (2,2) and (3,3), and reaches 13.4 meV/atom for (10, 10) . A convenient graphical representation is given in Figure   9 ; it involves the excess energy per molecule ∆E mol , which equals ∆E at · N at , as a function of the logarithm of the number of atoms N at . This view highlights the logarithmic behavior of the molecular excess energy, which implies that the atomic excess energy goes to zero like log (N at )/N at .
A simple model can be found in the literature [55] [56] [57] that permits to describe the observed behavior in the framework of elastic continuum theory of graphene. A quantity necessary for this description is the bending modulus (or flexural rigidity) D of graphene; it has the dimension of an energy and can be defined as the amount required to bend a graphene sheet having unit area into a cylindrical tube with unit curvature. In order to compute D, we shall consider carbon nanotubes, and note that their bending energy ∆E area (irrespective of the rolling direction) has a linear dependence on the square of the tube curvature, k 2 = 1/r 2 , the proportionality factor being equal to D/2 58, 59 . We here consider a large set of (n, 0) nanotubes with n ranging from 8 to 340 (Table S1 and Figure • wedge starting from an hexagon centre, and joining the cut edges together. The resulting fivefold ring represents a "disclination" in the ideal graphene sheet, and an expression for its elastic energy can be easily derived 56, 57 ; the final formula for the entire fullerene includes a factor of 12:
here E 5 is related to the energy of a pentagonal disclination (carbon pentagon plus neighborhoods); most important, D is the bending modulus of graphene. Figure 9 clearly indicates that fullerenes from (3,3) on strictly follow the proposed logarithmic law.
A best-fit of energy data for fullerenes with n = 3÷10 gives well converged parameter values The most relevant is the assumption of circular rotational symmetry of the disclination 55 ; instead, the 12 conical frusta have joined bases, which gives each disclination a five-fold, rather than circular, rotational symmetry; this keeps the logarithmic behavior, but is expected to increase the coefficient 55, 56 . We can give a measure of how much fullerenes from our ab initio simulations have disclinations deviating from the circular symmetry assumed in the elastic model: actually, this is related to the fullerene being rather dissimilar from a sphere, which is indeed what results from the discussion on structure in Sections III A and III B above.
A second discrepancy from the model is that the centres of fullerene faces are not covered by the cones 57 ; however, this affects excess energies to a little extent, as face centres are almost flat (thus similar to graphene). We could find only one study in the literature with a quantitative comparison between excess energies of carbon nanotubes and fullerenes 56 : the authors performed empirical force-field calculations, and found out a smaller discrepancy than ours, around 6 %. Another empirical study compares energies for the two types of structure without giving any quantitative detail on the observed discrepancies 57 .
Finally, Figure 9 shows that energy for (1,1) is 4 eV/molecule larger than the value obtained with the logarithmic law; the reason for a larger excess energy of (1,1) compared to larger fullerenes is the same as for the observed anomalies in the electronic properties (see Section III E above): (1,1) has only one irreducible atom, and thus a reduced capability of relaxing in a proper way the structure of both hexagon and pentagon rings. The (2,2) fullerene is 1.7 eV/molecule more stable than expected from the logarithmic law, which is a discrepancy smaller than for (1,1) ; inclusion of its energy in the best-fit would result in small variations to the parameter values (they would be 1.93 and 1.62 eV). This additional stability compared to larger fullerenes (discussed, in other terms, in Ref. 63 ) reasonably arises from a smaller mechanical stress at vertex regions, which for the relatively small (2,2) fullerene still represent a relevant portion of the entire structure. Indeed, discussion in Section III B pointed out that (2,2) has the smallest curvature at vertices of the whole series, which makes it the closest fullerene to the corannulene molecule; the latter represents a mechanically unconstrained prototype for the pentagonal vertex region. Notably, force-field studies in the literature concerning the energetics of large fullerenes 56,57 present energies for
(1,1) that are in remarkable agreement with the logarithmic law from the elastic theory; the present electronic structure calculations show that this is not the case. This suggests that the description of (1,1) fullerene using empirical force-fields may result in artifacts when comparing it to larger fullerenes.
IV. CONCLUSIONS
We have presented a comprehensive ab initio study on the properties of large carbon icosahedral fullerenes with up to 6000 atoms. Calculations were made feasible thanks to the implementation of fullerene symmetry and to the improved exploitation of symmetry along all steps of the electronic structure calculation in the public code CRYSTAL14.
A detailed and accurate analysis has been carried out on the structural properties of fullerenes. As shown in previous studies, large cages show features that are intermediate between those of a polyhedron and those of a sphere, yet closer to the former. Novel qualitative and quantitative details have been added to this picture; the most relevant ones concern (a) the shape of fullerene edges, with longitudinal inward curvature and transversal smooth (rather than sharp) profile, and (b) the unique characteristics exhibited by the first two fullerenes of the series, C60 and C240.
The smallest fullerene of the series, C60, also shows unique electronic and energetic properties compared to larger structures: higher HOMO level, smaller band gap, higher excess energy. All these features are the consequence of C60 having only one symmetry irreducible atom, which does not permit its molecular orbitals to properly accomodate both pentagon and hexagon rings.
Excess energy of large fullerenes with respect to the graphene sheet excellently fits a logarithmic law that can be interpreted in terms of continuum elastic theory; this is shown here at the ab initio level for the first time. The observed discrepancy between the fitted value of the bending modulus of graphene and an independent value (inferred from accurate nanotube calculations) highlights the approximations in the elastic model adopted for fullerenes, in particular the assumption of circular rotational symmetry. C240 shows an excess energy slightly smaller than that expected from the logarithmic law; this additional stability is related to a smaller mechanical strain at the pentagonal vertex regions. axes is denoted as α; the angles between C 5 and C 3 axes and C 3 and C 2 axes are called β and γ, respectively. A path around the fullerene is defined; it is in red when it crosses a triangular face and in green when it follows an edge. Points along the path are emphasized, that are used in Figure 4 ; in the green portion of the path they correspond to carbon atoms; in the red portion they correspond to the middle of C-C bonds, instead. to Eqs. (7), (8) and (9) . Data for (1,1) are excluded from the fits (see text for details).
The x axis is in inverse scale. (n, n) (1,1) (2,2) (3,3) (4,4) (5,5) (6,6) (7,7) (8,8) (9,9) (10,10) TABLE I: Parameters for (n, n) fullerenes with n = 1 ÷ 10. n at , N at and N hex are the number of irreducible atoms, the number of atoms and the number of hexagons, respectively. N DOF and N AO are the number of internal degrees of freedom and the number of atomic orbitals, respectively. ρ at is the ratio N at /n at .
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